The I Ks channel is important for termination of the cardiac action potential.
Kv7.1/KCNE1 macromolecular complex, here forward referred to as the I Ks channel (a slow delayed rectifier Kv channel) is important for the repolarization of the cardiac ventricular action potential. Loss-of-function mutations in the I Ks channel result in a prolongation of the QT interval (the interval between ventricular depolarization and repolarization) in the electrocardiograma characteristic of Long QT Syndrome (LQTS). 9 The most common form of LQTS, LQT1 is due to mutations of the cardiac I Ks channel that reduce outward K + current. LQTS predisposes individuals to Torsades de Pointes, which can degenerate into ventricular fibrillation and lead to sudden cardiac death. 10, 11 Polyunsaturated fatty acids (PUFAs) have been shown to reverse the loss-of-function of some LQT1 mutants in I Ks channels expressed in Xenopus laevis oocytes and also to reverse drug-induced arrhythmia in cultured cardiomyocytes and a drug-induced prolongation of the QT interval in guinea pig hearts. 12, 13 However, the features of these PUFAs that are necessary for the effects on the I Ks channel are not fully understood. This study investigates the properties of the PUFA tail with the goal of determining what features of the PUFA tail are important for the activating effects of PUFAs on the cardiac I Ks channel.
The cardiac I Ks channel is composed of the Kv7.1 αsubunit and the auxiliary β-subunit KCNE1. [14] [15] [16] The Kv7.1 α-subunit contains six transmembrane (TM) spanning segments, S1-S6. [17] [18] [19] S1-S4 comprise the voltage-sensing domain (VSD), where the S4 segment contains several positively charged arginine residues allowing it to detect changes in membrane potential and act as the voltage sensor. [20] [21] [22] S5-S6 make up the pore domain (PD), which allows efflux of K + ions when the channel is in the open conformation. Four Kv7.1 α-subunits come together to form a functional tetrameric channel that is voltage-dependent and K + selective. KCNE1 has a single transmembrane spanning segment and associates with Kv7.1 in the cleft between the VSD and PD, where it is in a position to modulate the activity of the Kv7.1 channel. [23] [24] [25] The association of KCNE1 with Kv7.1 causes the Kv7.1 channel to activate at more positive potentials, open with slower activation kinetics, and increases the single channel conductance. 14, 24, 26, 27 There are a variety of mutations in both the Kv7.1 and KCNE1 subunits that result in a LQTS phenotype and these mutations have been demonstrated to affect an array of processes including voltage sensing, channel opening/closing, and channel trafficking to the membrane. 28 Current treatment options for LQTS are the prescription of β-blockers or the implantation of a cardiac defibrillator. 29 However, effective at preventing arrhythmia from causing sudden cardiac death, these treatments do not target the root cause of LQTS (ie in LQT1, defects in the cardiac I Ks channel). PUFAs are naturally occurring, amphipathic molecules that contain a hydrophilic, carboxyl head, and hydrophobic hydrocarbon tail. 30 Early evidence from animal models suggested that PUFAs modulate the activity of voltage-gated Na + and Ca 2+ channels and therefore could act anti-arrhythmically at the ion channel level. [31] [32] [33] [34] [35] In our lab, we have investigated the potential therapeutic effect of PUFAs on the I Ks channel and our data strongly suggest that modified PUFAs affect the cardiac I Ks current by shifting the voltage dependence of activation to more negative voltages. 12 While it is known that PUFAs can modulate the activity of the I Ks channel, it is not known which properties of these PUFAs are essential for their effect on the I Ks channel.
Previous data from our lab has shown that the most common PUFA in fish oil, docosahexaenoic acid (DHA), shifts the voltage dependence of activation (V 0.5 ) of the Kv7.1 channel to more negative voltages by an electrostatic interaction between the negatively charged DHA head group and the positively charged voltage sensor of Kv7.1, 12 a mechanism demonstrated in Shaker K + channels. 36, 37 However, when DHA is applied to the physiological I Ks channel (coexpression of Kv7.1 and KCNE1), there is no effect on the V 0.5 . Interestingly, the left-shifting effect of DHA could be restored in the I Ks channel by conducting experiments at pH 9 (rather than pH 7.5). 12 We have further shown that the presence of KCNE1 decreases the local pH near the DHA head group, so that DHA is less likely to be negatively charged in the presence of KCNE1 at physiological pH. 12 By increasing the pH of the extracellular solution to pH = 9, we deprotonate the DHA head group and restore its negative charge, thereby restoring the left-shifting effects of DHA on the I Ks channel. 12 We have also shown that PUFAs with a lower pKa, such as N-arachidonoyl taurine (N-AT) that remains negatively charged when bound to I Ks channels at pH 7.5, retain the ability to shift the voltage dependence of Kv7.1 even when it is coexpressed together with KCNE1. 12, 13 While our previous data show the importance of the PUFA head group charge for shifting the V 0.5 of the I Ks channel, little is known about the importance of PUFA tail properties for the affinity of PUFAs and the effects of PUFAs on the I Ks channel. Due to the limited number of commercially available PUFAs with a permanently negatively charged head group (such as N-AT), we here tested the importance of the tail properties in PUFAs with a carboxyl head group at pH 9.0 to maintain the negative charge on the head group even in the presence of KCNE1.
Here, we report that specific properties of the hydrocarbon tail are important for the effects of PUFAs on the I Ks current and the apparent binding affinity of PUFAs to the I Ks channel. The length and number of double bonds in the PUFA tail do not strongly correlate with the effects of PUFAs on I Ks current or the binding affinity of PUFAs to the I Ks channel. However, we find that the position of the first double bond strongly correlates with both the effect of PUFAs on I Ks current and the apparent binding affinity of PUFAs for the I Ks channel. PUFAs that have their first double bond close to the hydrophilic head group consistently demonstrate a larger effect on the I Ks current and a higher apparent affinity for the I Ks channel than PUFAs that have their first double bond further away from the PUFA head. In addition, PUFAs with a double bond close to the end of the PUFA tail (ω-3 PUFAs) are less effective compared to PUFAs with a double bond further away from the end of the PUFA tail (ω-6 and ω-9 PUFAs).
| RESULTS

| Polyunsaturated fatty acid compounds have multiple effects on the activity of the I Ks channel
To determine the effect of a specific PUFA (for example, eicosatrienoic acid 5,8,11), we measured its effects on the current vs voltage relationship of the I Ks channel (Figure 1A -C). The tail currents were measured after different activation voltages to generate the G-V curve from which we can determine both the shift in the V 0.5 and the increase in G max ( Figure 1C ) once the current has reached saturation ( Figure 1D ). We also measured the relative increase in K + current (I/I 0 ) at 0 mV ( Figure 1C ), a voltage close to the systolic plateau during a cardiac action potential. Both a shift in the V 0.5 and an increase in the G max would increase the currents at 0 mV, so by measuring the currents at 0 mV we get a rough estimate of the total expected physiologically relevant, PUFA-induced change in current during a ventricular action potential. 38 Lastly, we determine K m values for I/I 0 , ΔV 0.5 , and G max to understand how different properties (ie different tail length, double bond number and bond position) affect the apparent binding affinity of the PUFAs to the I Ks channel ( Figure 1E ). The apparent binding affinity reported throughout the text is the K m corresponding to the increase in I/I 0 , as the apparent affinities of I/I 0 , ΔV 0.5 , and G max are comparable.
| Increasing the length of the PUFA tail does not increase the effects on the I Ks current
We first investigate the role of the carbon tail length by applying PUFAs of varying length to Xenopus oocytes expressing the wild type human I Ks channel. Sixteen PUFAs were tested that varied in total carbon tail length while maintaining the same (carboxyl) head group (Figure S1; Table 1 ). The recordings were done in solutions at pH 9.0 to ensure a negatively charged head group. 12 To make it easier to follow the discussion of the different PUFAs, we will refer to PUFAs using a shorthand nomenclature throughout the remainder of this paper: Carbon length: number of double bondsΔposition of double bonds. For example, the tail of DHA has 22 carbons and six double bonds at positions 4, 7, 10, 13, 16, 19 where the numbering beginning at the carbonyl carbon of the PUFA head group. We will therefore call DHA 22:6Δ4,7,10, 13,16,19. If the length of the carbon tail is important for its effect on the I Ks channel, we would expect that changing the length of the carbon tail would produce a subsequent change in K + current amplitude. However, this is not obvious from the data. As an example, we compare four PUFAs that vary in the length of their carbon tail, but all have a carboxyl head group and have three double bonds in the same position from the end of the tail Figure 2A ), produces no change in the G max (1.0 ± 0.1; Figure S2 ), and also produces no left-shift of the V 0.5 (ΔV 0.5 = 1.7 ± 0.3 mV; Figure 2B ). Removing two carbons from the tail (20:3Δ11,14,17) increases the maximum I/I 0 (1.6 ± 0.1; Figure 2A ), but does not produce a change in the G max (1.0 ± 0.1; Figure S2 ) and produces a small shift in the V 0.5 (ΔV 0.5 = −4.4 ± 1.3 mV; Figure 2B ). However, shortening of the PUFA by two additional carbons (18:3Δ9,12,15) produces a threefold increase in maximum I/I 0 (3.3 ± 0.004; Figure 2A ), slightly increases the G max (1.6 ± 0.3; Figure S2 ), and drastically increases the left-shift of the V 0.5 (ΔV 0.5 = −21.9 ± 0.5 mV; Figure 2B ). In contrast, further shortening of the PUFA by two or more carbons (16:3Δ7,10,13), though it still produces a twofold increase in maximum I/I 0 (2.1 ± 0.02; Figure 2A ), decreases the left-shift of the V 0.5 (ΔV 0.5 = −13.4 ± 0.6 mV; Figure 2B ) and the change in the G max (0.9 ± 0.2; Figure S2 ). Overall, when we compare the effects of all 16 PUFAs tested, there is no correlation between the length of the carbon tail and I/I 0 (Slope = 0.14 ± 0.12; R 2 = 0.09; P = 0.26; Figure 2C ). There is no correlation between the length of the carbon tail and the left-shift of the V 0.5 (Slope = −0.61 ± 1.7; R 2 = 0.01; P = 0.72; Figure 2D ). There is a weak correlation between the length of the carbon tail and the maximal conductance (G max ; Slope = 0.08 ± 0.04; R 2 = 0.25; P = 0.05; Figure S2B ). Lastly, there is no correlation between the length of the carbon tail and the apparent binding affinity for I/I 0 (K m ; Slope = −0.76 ± 1.3; R 2 = 0.03; P = 0.56; Figure 2E ).
| A greater number of double bonds in the PUFA tail do not increase the effects on I Ks current
To determine whether the number of double bonds in the tail is important for the effects of PUFAs on the I Ks channel, we look next at PUFAs with different number of double bonds while the head group and the tail length are constant. We first compare two PUFAs ( Figure 3A ), removes the increase in G max (1.3 ± 0.02 to 1.0 ± 0.1; Figure S2 ), and removes the leftshift of the ΔV 0.5 (ΔV 0.5 = −44.4 ± 10 mV to 1.7 ± 0.3 mV; Figure 3B ). In contrast, reducing the number of double bonds in PUFAs with 20-carbon tails (20:5Δ5,8,11,14,17 vs 20:3Δ5,8,11) increases the maximum I/I 0 (2.4 ± 0.05 to 4.0 ± 0.23; Figure 3A ), slightly increases the G max (1.0 ± 0.1 to 1.3 ± 0.01; Figure S2 ), and increases the left-shift of the V 0.5 by a factor of 2 (ΔV 0.5 = −25 ± 4.6 mV to −44.7 ± 4.3 mV; Figure 3B ). Overall, when we compare the effects of all 16 PUFAs tested, there is no correlation between the number of double bonds in the tail and I/I 0 (Slope = 0.16 ± 0.29; R 2 = 0.02; P = 0.59; Figure 3C ) There is also no correlation between the number of double bonds and the shift in V 0.5 (Slope = 0.14 ± 3.8; R 2 = 0.0001; P = 0.97; Figure 3D ), the G max ( Figure S2C ), or the apparent binding affinity of I/I 0 (K m ; Slope = −4.2 ± 2.0; R 2 = 0.28; P = 0.06; Figure 3E ).
| Having the first double bonds closer to head group increases apparent affinity and effect of PUFA on I Ks current
Because neither the tail length nor the number of double bonds in the tail correlate very strongly with the PUFA- (Figure 4A,B ). Application of 22:6Δ4,7,10,13,16,19 produces a dose dependent increase in maximum I/I 0 (3.2 ± 0.1; Figure 4E ), produces an increase in the G max (1.5 ± 0.2; Figure S2 ), and produces a significant shift in the V 0.5 (ΔV 0.5 = −20.2 ± 0.1 mV; Figure 4F ). However, when the first three double bonds are removed (22:3Δ13, 16, 19) , there is a decrease in maximum I/I 0 (0.7 ± 0.01; Figure 4E ), no change in the G max (1.0 ± 0.1; Figure S2 ), and the left-shifting effect on the V 0.5 is abolished (ΔV 0.5 = 1.7 ± 0.3 mV; Figure 4F ). This data show that some, or all, of the three initial double bonds in the 22 application compared to 22:4Δ4,10,13,16 produces a smaller increase in I/I 0 (3.3 ± 0.01 and 5.3 ± 0.09 respectively; Figure 4G ), a smaller increase in the G max (1.5 ± 0.03 and 2.4 ± 0.03 respectively; Figure S2 ), and produces a marginally smaller shift in the V 0.5 (ΔV 0.5 = −14.9 ± 2.2 mV and −18.2 ± 0.5 mV respectively; Figure 4H ). In addition, positioning the first double bond closer to the head group 14, 17) that all contain the same number of double bonds, but the double bonds start at different distances from the carboxyl head group (Figure 5A -C). 20:3Δ5,8,11, which has its first double bond closest in proximity to the head group, produced the largest increase in maximum I/I 0 (4.0 ± 0.2; Figure 5D ). 20:3Δ8,11,14, in which the double bonds are shifted further away from the head, increased the maximum I/ I 0 < 20:3Δ5,8,11 (2.5 ± 0.04; Figure 5D ). 20:3Δ11,14,17, in which the double bonds are located furthest away from the PUFA head, produced the smallest increase in maximum I/I 0 (1.6 ± 0.1; Figure 5D Figure 5G ). The effects and apparent affinity of 20:3Δ5,8,11 compared to those of 20:3Δ8,11,14 and 20:3Δ11,14,17 suggest that the location of the first double bond close to the hydrophilic head group of the PUFA is important for improving the effects on and the apparent affinity for the I Ks channel.
To further test the importance of the location of double bonds relative to the head group, we compared three 18carbon PUFAs (18:3Δ5,9,12, 18:3Δ6,9,12, and 18:3Δ9,12,15) that all contain the same number of double bonds, but with the double bonds at different locations ( Figure 6A -C). 18:3Δ5,9,12 and 18:3Δ9,12,15 both produce the largest increases in maximum I/I 0 when compared to 18:3Δ6,9,12 (2.9 ± 0.07 and 3.3 ± 0.004 compared to 2.2 ± 0.06; Figure 6D ). Both 18:3Δ5,9,12 and 18:3Δ9,12,15 increased the G max slightly (1.1 ± 0.01 and 1.6 ± 0.3 respectively; Figure S2 ), however, 18:3Δ6,9,12 did not increase G max (0.9 ± 0.1; Figure S2 ). 18:3Δ5,9,12 application resulted in the greatest left-shift in the V 0.5 of I Ks channel activation, shifting the V 0.5 by −38 ± 2.7 mV ( Figure 6E ). In contrast, 18:3Δ9,12,15 and 18:3Δ6,9,12 both produced similar left-shifts of the V 0.5 (ΔV 0.5 = −21.9 ± 0.5 mV and −22.3 ± 0.5 mV respectively; Figure 6E ). In addition, 18:3Δ5,9,12 has the highest apparent affinity (6.7 ± 0.4 μmol/L), whereas 18:3Δ6,9,12 and 18:3Δ9,12,15 exhibited lower apparent binding affinity for I/I 0 (10.0 ± 1.0 μmol/L and 18.7 ± 0.1 μmol/L respectively; Figure 6F ). These data further suggest that the location of the first double bond close to the hydrophilic head group of the PUFA was important for improving the effects on and apparent affinity for the I Ks channel.
To corroborate our conclusion for the importance of the position of the first double bond, we compared three PUFAs (20:3Δ5,8,11, and 22:5Δ4,7,10,13,16, and 18:3Δ5,9,12; Figure 7A -C). These three PUFAs all have the first double bond at positions 4 or 5 but they have The prediction is that PUFAs with the first double bond close to the head group will be similarly effective compounds and have similar apparent affinity for the I Ks channel. 18:3Δ5,9,12, 22:5Δ4,7,10,13,16, and 20:3Δ5,8,11 all increase the maximum I/I 0 (2.9 ± 0.07, 3.7 ± 0.02, and 4.0 ± 0.23 respectively; Figure 7D ), and G max (1.1 ± 0.01, 1.3 ± 0.02, and 1.3 ± 0.01 respectively; Figure 7E ), and produce a similar shift in the V 0.5 of the I Ks channel (ΔV 0.5 = −38 ± 2.7 mV, −44.4 ± 10 mV, and −44.7 ± 4.3 mV respectively; Figure 7F ). 18:3Δ5,9,12, 22:5Δ4,7,10,13,16, and 20:3Δ5,8,11, though they are statistically different in their apparent binding affinities for I/ I 0 , (K m = 6.7 ± 0.4 μmol/L vs 3.7 ± 0.1, and 9.2 ± 1.4 μmol/L, respectively; One-way ANOVA F statistic = 56.3; P < 0.001) are all among the PUFAs tested here that have the highest apparent binding affinity for the I Ks channel. When we compared the effects of all 16 PUFAs tested, there was a significant correlation between the position of the first double bond and I/I 0 (Slope = −0.24 ± 0.1; R 2 = 0.27; P = 0.04; Figure 7G ). There is not a significant correlation between the position of the first double bond and the ΔV 0.5 (Slope = 2.6 ± 1.4; R 2 = 0.19; P = 0.09; Figure 7H ). There is no correlation between the position of the first double bond and the maximal conductance (G max ; Figure S2D ). However, there is a strong and significant correlation between the position of the first double bond relative to the PUFA head and the apparent binding affinity for I/I 0 (double bonds closer to the head group give lower K m ; Slope = 3.6 ± 0.49; R 2 = 0.83; P < 0.0001; Figure 7I) . These data suggest that the location of the first double bond does indeed contribute to the ability of PUFAs to increase K + current with high apparent affinity for the I Ks channel.
| Hierarchical cluster analysis reveals distinct groupings of PUFAs according to their effects
We grouped PUFAs with similar effects using hierarchical cluster analysis to determine key differences between the PUFAs that were tested. 39 All four effects on the I Ks channel (ie I/I 0 , ΔV 0.5 , G max , and K m of I/I 0 ) were input simultaneously to be clustered according to similarity in all of the effects. We then looked at the PUFAs that were clustered together to determine whether there are similarities between those PUFAs in their structures (ie tail length, number of double bonds, position of the first double bond, and the position of the last double bond). Our hierarchical cluster analysis revealed three distinct groupings of PUFAs based on dissimilarity of PUFA effects between the groups (denoted by the height of dendrogram branches; Figure 8A ). shifted closer to the omega carbon) by comparing 22:5Δ4,7,10,13,16 (Cluster 1) to 22:5Δ7,10,13,16,19 (Cluster 3) the I/I 0 is reduced by nearly half. (Figure 8B ). Because the cluster analysis suggests that the ω-6 and ω-9 PUFAs produce the largest shifts in the V 0.5 , we correlate the ω-number with each of the effects on the I Ks channel. There is a significant correlation between the ω-number and I/I 0 (Slope = 0.39 ± 0.13; R 2 = 0.40; P = 0.009; Figure 8C ). In addition, there is a strong correlation between ω-number and the ΔV 0.5 , which is consistent with our findings from the dendrogram grouping (Slope = −6.0 ± 1.5; R 2 = 0.54; P = 0.001; Figure 8D ). However, there is no correlation between the ω-number and the maximal conductance (G max ; Figure S2E ). There is also no correlation between the ω-number and apparent binding affinity (Slope = −1.0 ± 1.3; R 2 = 0.05; P = 0.45; Figure 8E ).
| Multivariable regression analysis
To test whether the PUFA effects -I/I 0 , ΔV 0.5 , G max , and K m of I/I 0depend on a combination of the different parameters (Length, number of double bonds, and location of the first and last double bonds) of the PUFA tails, we conducted a multivariable regression of each PUFA effect using combinations of the four PUFA parameters simultaneously ( Figure S3 ). The multivariable regression using all four parameters improved the fit for I/I 0 (Adjusted R 2 increased from 0.40 to 0.54) and G max (Adjusted R 2 increased from 0.25 to 0.60). According to the multivariable regression analysis I/I 0 is significantly correlated to the location of the first double bond ( Table 2) . G max is significantly correlated to the length of the tail, the number of double bonds and the location of the first and last double bond (Table 2 ). However, the ΔV 0.5 and K m (for I/I 0 ) single regressions were not improved by the addition of more parameters of the PUFA. This suggests that the ΔV 0.5 and K m (for I/I 0 ) are highly dependent on single PUFA parameters (ie the position of the last double bond and first double bond respectively). To show the quality of the fit of the multivariable analysis, we show in Figure S3 the measured and the predicted values for the fits of I/I 0 ( Figure S3A ) and G max ( Figure S3B ).
| DISCUSSION
Neither the length of the carbon tail nor the number of double bonds in the tail showed a strong correlation with the effects on the I Ks currents or the affinity for the I Ks channel. However, there were correlations between having the first double bond closer to the PUFA head and increasing I/I 0 and improving the apparent binding affinity for I/I 0 (lower K m ) . In contrast, having a double bond close to the end of the PUFA tail (ie an ω-3 PUFA) decreased the effect of the PUFA on the V 0.5 of the I Ks channel, whereas having a double bond further away from the end of the PUFA tail (ie an ω-6 or ω-9 PUFA) increases the effect of the PUFA on the V 0.5 . Using our data, the location of the first and the last double bonds, relative to the PUFA head can therefore be used to develop effective PUFAs that bind with high affinity to the I Ks channel. One of the main obstacles to the clinical use of PUFAs for cardiovascular diseases has been inconsistencies in clinical trials investigating the relationship between dietary fatty acids and cardiovascular disease risk. Two recent clinical studies report on correlation between ω-3 and ω-6 fatty acid supplements with cardiovascular disease risk. 40, 41 In a meta-analysis of 10 clinical trials looking at the relationship between ω-3 fatty acid supplements and the risk for cardiovascular disease and negative disease outcomes, Aung et al, 40 reported that there is no significant correlation between the use of ω-3 fatty acid supplements and cardiovascular disease risk. In contrast, Virtanen et al 41 reported beneficial effects of ω-6 PUFAs on cardiovascular disease risk in the Kuopio Ischaemic Heart Disease Risk Factor Study. These findings are in agreement with our conclusions that ω-3 PUFAs have reduced left-shifting effects on the I Ks voltage dependence whereas ω-6 PUFAs (along with ω-9 PUFAs) are the most beneficial for left-shifting the I Ks voltage dependence and increasing I Ks current.
Tian et al, 42 applied PUFAs, such as DHA (22:6Δ4,7,10,13,16,19) , onto Slo1-β1 BK channels to determine the important features for PUFAs to interact with BK channels. They concluded that double bonds at least halfway through the PUFA tail (at carbons 9-12) are important for a high affinity interaction of PUFAs with Slo1 BK channels. They proposed that these double bonds allow more curvature of the PUFA molecule and make it more compact, thus increasing the stability of the PUFA in its binding site. 42 In contrast, we find here that the double bonds closer to the PUFA head groups (at carbons 4-5) are important for the effect on and apparent binding affinity for the I Ks channel. However, how the PUFA tail specifically interacts with the I Ks channel to increase the apparent binding affinity is not known from this data and will be the focus of futures studies. Tian et al, 42 proposed that the PUFA head group takes part in an anion-pi interaction with a tyrosine residue in the S6 segment of Slo1 BK channels. In contrast, we previously showed that the effects on the I Ks channel are mainly due to an electrostatic interaction between the PUFA head group and the positively charged S4 segment of the I Ks channel. 12 PUFA effects on the BK channels are believed to be due to PUFAs in the inner leaflet of the membrane, whereas our effects on I Ks channels are believed to be due to PUFAs in the outer leaflet of the membrane. This fact, along with their different putative site of DHA interaction, is indicative of different mechanisms for the PUFA effects on BK and I Ks channels (intracellular action on S6 vs extracellular action on S4). Different mechanisms for PUFA effects on various ion channels is also supported by the effects of PUFAs on cardiac Na + and Ca 2+ channels. For example, in contrast to the increase in currents shown here for DHA and Eicosapentaenoic acid (EPA) on I Ks channels, DHA and EPA have been shown to reduce the currents through voltage-gated Na + and Ca 2+ channels. 31, 33, 35 This further suggests different mechanisms of action of PUFAs on different voltage-gated ion channels. Therefore, there is a possibility for channel-specific PUFA interactions which could be, in part, attributed to different features of the PUFA tail. Future studies would have to determine what PUFA features are important for other cardiac ion channels and whether channel-specific PUFAs could be developed.
Our current model for how PUFAs affect the I Ks channel is that (a) the PUFA tail inserts into the lipid bilayer, (b) the PUFA then diffuses in the membrane to the I Ks channel, (c) the PUFA tail binds to the I Ks channel and anchors the PUFA head group near the positively charged voltage sensor of the I Ks channel, (d) the negatively charged head group of the PUFA electrostatically attracts the voltage sensor and activates the I Ks channel. 12 The presently reported changes in the apparent PUFA affinity for the I Ks channel due to variations in the PUFA tail are consistent with this model. However, in addition to changing the apparent PUFA affinity to the I Ks channel, we here show that the positions of the double bonds of the PUFAs also affects the size of the left-shift of the voltage dependence of the I Ks channel (eg the position of the last double bond in the tail) and, in some instances, also affects the maximal conductance of the I Ks channel. The reasons for these additional effects are not clear. It is possible that the interactions between the last double bonds and the I Ks channel alter the location of the negatively charged head group of the PUFAs relative to the charges in S4 and thereby cause bigger or smaller shifts in the voltage dependence of activation.
The PUFAs were tested at pH 9, a pH at which the carboxyl head group of the PUFA molecules interacting with the I Ks channel are expected to be deprotonated and negatively charged, with no additional effects on normal wild type I Ks function compared to pH 7.5 ( Figure S4 ). Our group has previously described that DHA (22:6Δ4,7,10,13,16,19) increases Kv7.1 K + current at pH 7.5, but that this effect is abolished when Kv7.1 is coexpressed with the accessory β-subunit KCNE1. 12 The head groups of N-AT and DHA-glycine are more efficacious than DHA on I Ks channels, because they remain more deprotonated and negatively charged at physiological pH 7.5 Knowing that a PUFA head with a lower pKa increases I Ks current at physiological pH = 7.5, we can now begin making modifications in the tails of these PUFA analogues to improve the binding affinity to the I Ks channel based on the data reported here. Understanding the role of the double bonds for the PUFA tail in altering the binding affinity to the I Ks channel will allow us to develop new PUFA analogues with better effect on I Ks channels by attaching high affinity tails to head groups, such as taurine or glycine, that are more deprotonated and efficacious at physiological pH.
The work presented here was performed using the X. laevis oocytes expression system. This poses some limitations to understanding the effects of PUFAs on the physiological I Ks channel due to the absence of intrinsic factors in human cardiomyocytes that can influence the I Ks macromolecular complex. Ongoing and future experiments will determine the effects of the PUFAs examined here on the I Ks current present in human cardiomyocytes to further understand the therapeutic potential of PUFAs as antiarrhythmic compounds. In addition, our experiments only shed light on the acute effects of PUFAs applied to the I Ks channel. Further experiments are needed to determine the long-term effects of chronic application of PUFAs to the I Ks channel.
The next step in understanding the important properties of PUFAs for increasing I Ks current in LQTS is to test whether the PUFAs deemed effective here on wild type I Ks channels are able to reverse Long QT mutation phenotypes in I Ks channels. Mutations in the I Ks channel that cause LQTS type 1 (LQT1) cause loss-of-function in the I Ks channel by a variety of mechanisms, including a right-shift in the voltage dependence of the I Ks channel, changes in channel kinetics or alterations in trafficking to the cell membrane. 9, 13, 43 Here, we showed that ω-6 (and ω-9) PUFAs with double bonds close to the PUFA head produce the largest increases in K + current, shift the wild type G-V curve leftward the most, and activate the channel at more negative voltages. These data suggest that applying the same PUFAs to a mutated I Ks channel would restore the wild type I Ks current and, therefore, restore the normal ventricular action potential. A previous study from our group showed that a modified PUFA, N-arachidonoyl taurine (N-AT), could restore much of the defects of eight different LQTS-causing mutations, albeit at high N-AT concentrations. 13 This presents a need for new PUFA analogues that can influence I Ks currents in a lower concentration range which would be more therapeutically relevant and reduce potential side effects on other channels. The findings reported here provide a foundation for the design of higher affinity PUFA analogues that can be used for the treatment of LQTS. Future experiments need to be done to test the best compounds found here on I Ks channels bearing LQT1causing mutations. In addition, because different PUFAs shift the G-V curve by different amounts and different LQT1 mutations shift the G-V curves by different amounts in the opposite direction along the voltage axis, one could develop mutation-specific therapeutics by matching each PUFA with each mutation depending on their relative effects on the G-V curves.
| MATERIALS AND METHODS
| Molecular biology
Kv7.1 and KCNE1 channel cRNA were transcribed using the mMESSAGE mMACHINE T7 kit (Ambion, Foster City, CA, USA). Fifty nanograms of cRNA were injected at a 3:1, weight:weight (Kv7.1:KCNE1) ratio into defolliculated X. laevis oocytes (Ecocyte, Austin, TX, USA) for I Ks channel expression. Injected cells were incubated for 72-96 h in standard ND96 solution (96 mmol/L NaCl, 2 mmol/L KCl, 1 mmol/L MgCl 2 , 1.8 mmol/L CaCl 2 , 5 mmol/L HEPES; pH = 7.5) containing 1 mmol/L pyruvate at 16°C prior to electrophysiological recordings.
| Two-electrode voltage clamp
Xenopus laevis oocytes, co-expressing wild type Kv7.1 and KCNE1, were recorded in the two-electrode voltage clamp (TEVC) configuration. Recording pipettes were filled with 3 mol/L KCl. The recording chamber was filled with ND96 (96 mmol/L NaCl, 2 mmol/L KCl, 1 mmol/L MgCl 2 , 1.8 mmol/L CaCl 2 , 5 mmol/L Tricine; pH 9). PUFAs were obtained from Cayman Chemical (Ann Arbor, MI, USA) or Larodan (Solna, Sweden) and kept at −20°C as 100 mmol/L stock solutions in ethanol. Serial dilutions of the different PUFAs were prepared from stocks to make 2, 7, 20 and 70 μmol/L concentrations in ND96 solutions (pH = 9.0). PUFAs were perfused into the recording chamber using the Rainin Dynamax Peristaltic Pump (Model RP-1; Rainin Instrument, Oakland, CA, USA, San Jose, CA, USA). Electrophysiological recordings were obtained using Clampex 10.3 software (Axon, pClamp; Molecular Devices, San Jose, CA, USA). During the application of PUFAs the membrane potential was stepped every 30 seconds from −80 to 0 mV for 5 seconds before stepping to −40 mV and back to −80 mV to ensure that the PUFA effects on the current at 0 mV reached steady state ( Figure 1D) . A voltagestep protocol was used to measure the current vs voltage (I-V) relationship before PUFA application and after the PUFA effects had reached steady state for each concentration of PUFA. Cells were held at −80 mV followed by a hyperpolarizing prepulse to −140 mV to make sure all channels are fully closed. The voltage was then stepped from −100 to 60 mV (in 20 mV steps) followed by a subsequent voltage step to −20 mV to measure tail currents before returning to the −80 mV holding potential ( Figure 1A ).
| Data analysis
Tail currents (measured at arrows in Figure 1A ,B) were analysed using Clampfit 10.3 software in order to obtain conductance vs voltage (G-V) curves to determine the voltage dependence of channel activation. The V 0.5 , the voltage at which half the maximal current occurs, was obtained by fitting the G-V curves from each concentration of PUFA with a Boltzmann equation ( Figure 1C ):
where G max is the maximal conductance at positive voltages and s is the slope factor in mV. The current values for each concentration at 0 mV (I/I 0 , arrow in Figure 1C ) were used to plot the dose response curves for each PUFA ( Figure 1E ). These dose response curves were fit using the Hill equation in order to obtain the K m value for each PUFA ( Figure 1E) :
where A is the fold increase in current caused by the PUFA at saturating concentrations, K m is the apparent affinity of the PUFA, x is the concentration, and n is the Hill coefficient. Fitted maximum values derived from the dose response curves are reported for each of the effects (I/I 0 , ΔV 0.5 , and G max ) from the different PUFAs tested. In some cases, there is variability in the V 0.5 in the control solution (i.e. 0 PUFA) between batches of oocytes. In order to correct for variability due to oocytes, when the V 0.5 in the control solution was greatly different than 20 mV, we applied a correction in order to more accurately measure PUFA-induced I Ks current increases. We subtracted the V 0.5 (given by fitting the G-V with a Boltzmann equation) by 20 mV and used the current measured at the resulting voltage. The maximum conductance (G max ) was calculated by taking the difference between the maximum and minimum current values (using the G-V curve for each concentration) and then normalizing to control solution (0 μmol/L). Graphs plotting mean and standard error of the mean (SEM) for I/I 0 , ΔV 0.5 , G max , and K m were generated using the Origin 9 software (Northampton, MA, USA). Hierarchical cluster analysis was conducted using Rbased clustering software. 39 Input data for each PUFA were numerical values for mean I/I 0 , ΔV 0.5 , G max , and K m . The height of the dendrogram branches represent the dissimilarity between the clusters. Longer branches between nodes connecting clusters indicate that those clusters exhibit very different effects on the I Ks channel. The PUFAs that are clustered together as a result of the hierarchical cluster analysis are therefore the most similar in their effects on the I Ks channel.
| Statistics
Single and multivariable regression statistics were computed using GRAPHPAD PRISM (GraphPad Software, La Jolla, CA, USA) and Origin 9 software respectively. We conducted single linear regression on each of the PUFA parameters with each of the effects we were interested in (ie I/I 0 , V 0.5 , G max , and K m ) to determine the slope of the fit, the adjusted R 2 , and t-values. In addition, we conducted multivariable regression for all of the PUFA parameters simultaneously with each of the effects to determine again the slope, the adjusted R 2 , and F-values. Results were considered significant if P < 0.05.
